DISTRIBUTION AND ENVIRONMENTAL RELATIONSHIPS 
OF PERMAFROST 


BY 


R.J.E. BROWN 


Workshop Seminar on Permafrost, 
CNC/IHD Calgary, Atberta 
Feb. 26-28, 1974 


POLARPAM 


o¥d 
(64 ’ spt 155 Sai 


; DON. ont, ifector, 
Introductory Session ean ae hopin Shai 
Ta€ Unjvéfsity Of Albe 
DISTRIBUTION AND ENVIRONMENTAL RELATIONSHIPS aly! ae 


OF PERMAFROST 
R.J.E. Brown 
Abstract 


This general paper defines permafrost, and examines its extent, 
thickness and other characteristics such as ground ice and temperature regime. 
It deals with the effects of climatic and terrain factors on permafrost, 
including relief, vegetation, hydrology, and snow cover. Special problems 
in permafrost regions, and past and present investigations, are reviewed. 


Résumé 


Dans le présent document général, on donne la définition du 
pergélisol et étudie son étendue, son épaisseur et d'autres caractéristiques 
comme la giace de fond et le régime des températures. On traite également 
des effets*des facteurs du climat:et du’sol sur le pergélisol, y compris le 
relief, la végétation , l'eau et la couche de neige. On y examine certains 
problémes propres aux régions de pergélisol et traite d'études antérieures 
er actueliles 
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Pe WaLrOst worse wenn a | Ty irrozer ground, Is “a term 
Poeo co descr pe tiie = tnermar cordition of “earth materials, “sucn 
Gomc0.. and Lock, When their temperature remains below 32°F 
continuous iy soc more Then one.year, Lce may be present. It 
Be teludess Crema Mrite t reezes Jn sone winter “and remains frozen 
Pereceh= ene) Torrowl ie summer and invo the next winter. “This 
is the @inimum ime or ror vine AUrauuon Ol permarrost, “Tt. maybe 
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Jee 


Pe otoUee ds or vyears Old era TNundreds"or Teer Thick. * The’ mode 
GPeror falter Or Suen Told and tcniek *permarrosrv is* identical to that 
See veo oS Only ome veer old anda ew anecnes thick. “In the 
tase Or vile vorner. "even at small negavive heat imbalance "at the 


Prouuewsuriaces, cacieyear results, ina chin layer-beingvadded 
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nave elapsed, this process repeated annually can produce a layer 
Otepermafrostenundreds oF feet thick. Above the permafrost is a 
Suri cee layer 0 soil or rock, called the active layer, whith 

thaws in summer-and freezes in winter. Its thickness depends on 


bee oame Climatic and terrain features that aifect the permafrost. 
ZoNaclom Of Fermarrost 


One-half of Canada's land surface 18 underlain by 
peGghattoet. — aes permafrost refzionm is divided into two gsones'= 
aL SConeinueusmai cne South, where permatrost exists in combination 
With areas of thawed ground, and continuous in the north, where 
permafrost occurs everywhere beneath the land surface. In the 
Gs GonuInwous Zones "1 rozen’* and unrrozen™= layers exist together. 
Meee ssouLnern=iringce of wns zones permafrost “occurs in 
scattered aSlands a few square: feet to several acres in size and 
is confined to certain types of terrain, mainly peatlands. Other 
occurrences are associated either with the north-facing slopes 
Of-"east-west oriented valleys,-or-with isolated patches in 
forested stream banks, apparently wie COMDINatC LOM WLtn Increcseq 
shading from summer thawing and reduced snow cover. Northward 
it becomes increasingly widespread in a greater variety of terrain 
types. Deine ast Varies av ci ChRess trom. 6  1ew inches +orm fecec 
at the southern limit to about 200 feet (uo to 400-500 


mountainous regions) at the boundary of the continuous zone, 
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with unfrozen layers sometimes occurring between layers of 
Permertros,. THe depth to the permafrost table ranges from about 
UWomlect COmtem feeu Omemore depending, on local climatic and 

SU sce scOnCitions. The active layer does. not extend evevywhere +e 
be Permetrocl, valle, sine Temperature of the permafrost in the 
d2SConvinuous Zone et whe depth of zero annual amplitude generally 


ranges from a few tenths of a degree below 32°F at the southern 


Hime oO abou 23°) at the boundary of the continuous zone. 


In the continuous zone, permafrost exists everywhere 
Deneeee hess ound suviace except” insnewlyecepos ited sunconsettdated 
Sediments (event iemc i ie re eset US. Deon FO smpoOse 1s. untiivence << 
on tne Sround thermal regime. The thickness of permafrost is 
abouts 200 Peet—at the southern limit of the continuous zone 
increasing steadily to 2, 000-3,000 feet in the-northern reaches 
Opec er ce tT eripedago. ine active. layer generally varies 
Iie vouci@ess. Prom about 1. ivewto 3 ‘feet. and=usually. extends 7t0 
the permafrost table. The temperature of the permafrost in this 
zone at the depth of zero annual amplitude ranges from about 23°F i 


Sethe, SOutI to About) o°r in the extreme-norsgh. 
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DEOeressi Very a eon soOul ITO MOP. eit tae Sournern parvror wtie 
Cordillera the lower limit has been estimated to decrease 
steadily from an elevation of about 7,000 feet above sea level 
ap whe DPorty ninth: parallel sto about’ 4,)000 in northern British 
Columbia. With increasing Sbovatronr. tone distributor or 
permafrost cnanges progressively from scattered islands to wide- 
spread and, finally continuous. In amountainocus regions there 

is the added problem of the differences between slopes of 
different orientation. Permafrost is more widespread and thicker 


en north-facing slopes “than, on south Pacine=stopes. Variations 


ie SOW COVeErron “Girtrrerent slopes also “compli cates the situation. 
ENViEronmtental- actors 
Climate 


Climate is a basic factor in the formation and existence 

Sie Dermat tose OU SeCTVat MOS tlio mcale a *proad relation becween 
mean Vallitiase air Mond round Yemperatures in permarrost regions. 
Brow Cover iseprominenry @elrons’ wath the complex energy exchange 
repime at the ground surface causing the mean annual ground 
Cenmperavure measured "at oie destin OLAZeYroO.annua l “amp Pru de po 

be several degrees warmer than the mean annual air temperature. 
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A value of (6°R ican be used as arrvaverage figure but differences 


raven trom f. coo teprees have been observed. 
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Peco be se Ciat e COLIC Ces, roushtly with the 30°F mean annual 


GLP eCLlerm southward, permafrost oceurrences” are rare and small 


PHmeo ze sDecalse tle climate is itooswarm, Between the.30°F and 
25°F mean annual air isotherms, permafrost is restricted mainly 
Porcre drier port tens sot peatTandsend peat bors because of the 
Specs | insuleumiire prepert 1es."0F peat... "Scattered bodies "or 
pernarrost alse "occur on #some north-facing slopes and in “some 
beavis hy sciracea rca “inthe vicinity tor the 25°F mean Snnuel 
air isotherm the difference of 6°F between the mean annual air 
and ground temperature produces a mean annual ground temperature 
Givta Feracgron fotera dépree below 32°RP "im most types of terrain. 
From the 25°F mean-annual air isotherm, northward to the continuous 
Zane, permarmosus becomes increasingly widespread “and thicker; and 


Gre mean annual ground temperature decreases. 


ALCnOUCh et TeLrCeingormavion is, limited on the docation 
Geevies DOUnGdam, bpéeéuween the discontinuous and continuous permariros:. 
Zones in Canada, it appears tO, lie In the Vicinity of the locsruion 
Simone. | (0 mean songs) oir eotherm TO scorrespond approximately 
with a mean annual ground temperature of 23°F. Field observations 
alone the ceastmot hudson Bay in Ontario and Manitoba indicate 


a narrow band of continuous permafrost south of the 17°F mean 
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annual alr isotherm. Prone ort os SOUnerm northward, permarrost 
2 CONcimuous ano increastinely* thicker, and the mean annual 


fround temperature’ decreases. 


Over a lone period of time, @ chenge in the climate 
mevrescniued DY a change in the mean annual air temperature can 


Pan’ 


result in a significant change in the extent and thickness of 


permafrost. Geothermal gradients ranging from about 1°F/40 feet 
to 1°F/300 feet - depending to some degree on the type of soil 
Seecociwme-iavemveom Ouserved 11 penmal post rezions in the northern 
hemisphere. A change of 1°F in the mean annual air temperature, 
POC Leto ce vould Tresuli.. over a long perioo of tLime,. in a 

change of 1°F in the. mean annual ground temperature. This would 


cause a change in permafrost thickness of approximately 40 to 300 


feet. 
Terrain 


Jerroaiire sacLOre™ unas el lec. permafrost. conditions include] 
eo wee ee Ol, LOL Oy. stron COVE.» «ior, 2lacderes Ces arid 


Soil and rock type. 


(a) Relief 
Relsver tnilvences the 2ancunt of solar radiation 


received by the ground surface and the accumulation of snow. The 
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influence Ol Snrenceationsand _desrestor ’slopetis particulbarty 
evi centrincmountlaiious= regwons  erinathe “discontinuous -zone, this 
Hayimresulmeinepernarrost thaveoccurs “on.north-facing -slopes~ but 
Nev sori Tad jacent “south-facing: slopes. “"in’ the continuous Zone, 


permafrost is thicker and the active layer thinner on north-facing 


Wiel iPand eceumuravron “Orr-v.me 2rounrd 


may modify these patterns. Slope and exposure (aspect) influence 
PAGoLePperAtrlon, Emrich iiniurn; ai tects stne “active layer? “smabpier 


Scale wariations in relief cause%similar situations elsewhere in 
phe, Dermarrosl rector. SCPermairost may roccurme for example, in the 
north—Lacinge banistop ever ausmall «stream "but not in the’ opposi 
south-facing Bankia “Sinvinbar -aditterences can toccur teven in “areas 


Came ibe Ss tateginl Car eie on.” SUCh Sas peat Anounds “and “peat “plateaus. 


(b) Vegetation 

Veeevavtone ai rects permairess an varicus ways, 
Poe NU so wwolemol bine more ObVLOUS Indicators, of subsurface 
Pou cuLoOnsumet ius ilays a MUCH Nore: Imporvany role ing tne: dis— 
SeonTinu0us zone. than in the continuous zone, especially an the 
hecieArcoic Where 170. has little aontluence in the polar desert. 
The most obvious effect of vegetation is its role of shielding 
the permafrost—from._solar heat during the summer period. This 


insulating property is one of the most important factors 
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determining thetthickness ofo the Bienen favierme Removal. orl even 
Gcisturbance™olr tnerstiriace) cover causes( depradation»of the 
UConn ying permnerwook. | Inatherdiscontinucus. zonese thisa may 
Pestilvein themdiGcappearance of, bodies. of permafrostanwhiilesin 
cone "Continuous Bone.” the permafrost table. willn be’ lowered. 
Tver Oredom nance wotamoss 2nd peat..in protecting the permafrost 
trom acmospneric weal ise demons trabedo Dy? heid actoirhatraddttilel change 
CcCcurs airetvne Sepinvoie tne permafrost. Vablevwhen treessliand: brush 
ave removed. Drovi de ithar thes mosstiandpeatiare not disturbed. 

Pree OCCUR ences Ol. Demnanros iH nm ipeatiandssdin 
Pie=sOuuner never of Whe ddsicontanuowse zone lappearsiado be aeleten.| 
Corchanges 2h Che wvherima lrconductivivy.or the meatithroughrathe 
year. Verane trre-Sunimer ithe: surtiace tet ie of peat beconemdry 
PiCOUPMevaporauLlon. Wiethermaliconductivity of tthe peat. is 
Tow sandy warming tot. cheiimiderl yinik (solleis adimpeded.. “he cower 
peat layers gradually thaw downward and become wet :as the ice 
Bey ens wirecie ss Cassone liye rowen Clayer melial Ini ithe autumn where 
pends WO Oe MiOreumoLsoure cm thessurface layers: 10of the meat 
because of a@ decreased evaporation rate. When it freezes the 
Cherm wu cendvcrl VLty rol tne peat DSeincreased consi dereaply.: 


Thus the peat offers? less resistance to the cooling of the under— 


Vie Soll einawinber Thranatorine: warmine ol 1% in summer. As 
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ayresult,.the.mean,annual ground temperature under peat will 

be lower than under adjacent areas withowt peat. When conditions 

Under lithe peat are’ such that the ground temperature remains 

below .32°F throughout the year, permafrost results and is main- 

bPained ast lowe as: the thermal conditions. Leading to this lower 

Lemperavure perm 
Atthneugh the .nfluence of the ground vegetation 

Cnepermapmost. ts, dominant... trecs,.are “amportant... Theysshade the 

PeOUDde Gnomes Glay readiation.and, intercept some ofethe snowfall 

Reece Wome LoCo LOlMeVen. 4 Sie le ness am shading the 

aol OO ee oiminer and reducing he. .snoweover @atbei ts.base «in winter 

eappears<+to iniuence the heat. exchange .at. the ground surface 

Stitt ueLeiuuy . - Lae mtbensity and heieht, of samees ontluence, ahe 

MucCrOc hime wiuecse flLecus «<ofe-cround isurrace wind velocities. 

Paves Guearl ons, In temperature regions indieate that the nature 

Sue peawranCmoumwaces CONTMEDN tes. TO .aimetemperatures beang 

SeVvetam deerces Tower than over other natural adjacent surfaces. 

aoe OuULCem DT omalmMe Liab the Same sivuarion prevails in 


permatrost Teeions. 


Cc) gic rolosy. «4 
Water, great ly antivencess: thesdistrulbution and 
Gnerneal wecine.cL peymairost,. @ilt. Ghee discontinuous, zone, the 


existen¢ge of perpmatrosy, ls. tuhibi ted in, poorly. drained .2areas. 
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frirst,) the amount of moisture in the soil immediately before it 
freezes in the autumn determines the ice content and depth of 
thaw the following summer; (second, the moisture content of the 


5 


S07 i .SurleremsnderneS Infiltration of atmespherie-water influence 
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Neauy Traisser ©O Une frozen Soll Guring the thaw period. 


(ai 


Moving water is an effective erosive agent of perennially frozen 
Solis. ~ihere is almost always an unfrozen layer of “cround under 
WeveryDGeres Glue. do Mol Treeze to the bottoms The extent of 
bNiss thawed zone varies with a large number of factors - grea 
Snemoe De neOue ode aWalLecrapOoady, Waver temocra ure, thickness of 
WouLer- 2 cenena snow cover, seneral hydrology. and composition 
ice Wis toreyeo, accumulacvion of bottom sedimencvs. The ocean bas 
Se TO rere eer ence on pera rost causing it to pe 


pPetniereoceeicesnore than iniagd. The distribution of 


Submarines periasrostl, 1S also Greatly affected by the ocean. 


(cd) Snow Cover 
Snoweover—influences the heat transfer between 
She -Sipeand wie Pround and, dience.arirects the distributaonso® 
permafrost. Ihe snowfall régime and the length of time” that 
Snow T1esPomeuneucround are -critical factors. A. heavy falloff 


Snow imethe eutumn and early winter inhibits winter frost 
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Gn cre eRound in the spring detbays thawing of thevunderilying 
ground. The relation between these two situations determines 
Une Wer cifect of Ssnoweover on the ground thermal regime. 
enol Cone nuOws Zone 1b. can be a erigical 
Peacvor in) Une formation and existence of permafrost. For 
exvoupl ee ole MCkesk Demat ross in the southern fringe of the 
perma i ron yares son Occurs in palsas on which snowcover is thin 
Poca SeuOmeaie Meme Osu re stoi. J ln che continuous zone, 
Snowcover influences the thickness of a thiCumiCtdldL Geel EVEr., Snow 
Nase Neweci tech ol, temporarily lowering near-surface ground 
Pempecrapurescmitwtne activelrlayer when it falls in«summer. 41n 
PIomoa tamer Ch CeArChi pe lago, phe efrect of the snowcover 
BemcOns era o yodimen sned from, its iniivuence further south in 
ChenbeCimMatrOcteyecion becauseot the Lower snowfall, higher 


jens lLy, sane Vvery~= uneven distribution due to drifting. 
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oper irae eh “Teor 
Pierre Shs Masi ransitens factor thavais notmiornaily 
Sonsideved aswatfectiang the permafrost.» Although the time of 
ecvual Dut mineea sayy eivenypoint is usually of short duration, 
a LOresy Guaeundra tirercan. heave .a marked intinence, ongine 
ground thermal regime. Many fires starved by lightning occur 
every. year in the permafrost region, particularily the discontinuous 


Cone wu Che ominesuly forested. Through tire years much, 121i not 
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Sli Olettie Der’ CLloune permalrost region has been burned 
Evert More tUnen once, “Tundra lires: are mot as common because of 
tne wer ground conditioms anda low propertion of woody material 
Mi Tie Vet@evarton COMolex. Fires occur Prequentiy, however, 
an the spruce-lienen woodlands of the Torest-tundra transition 
MoOeCre Tie ote ary eovsrnuous Licher may burn or smoulder for 
many months during the summer. 
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Poosu Cepends on the condivion of thelvegevation and the rate 


Sl Durie ss tre may mMOve Yrepidly through an area burning 
bree. Clie, Only tne TOD Suriace Of the eround vegetation, 
Shen CAt tt weiake Ce chante FO. Le UNncerliying, permalros.... -1f 
ary coOncrirpens have prevailed in an area Tor some time prior 
COre live ,econstceraple change in the permarrost may occur in 
areas Of ice Laden perennially frozen so1ls due to the removal 


Op the Suriace vegetation and underiying peat. Water released 
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trom Meilvine rou ice may cause extensive erosion, landslides 
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Way OCCur, sane general increase in the thickness of the 


active layer wiil take place. 


The erowen and resime of elacierms angdnice caps 


as) Cetermuned, oF Climate; but Tcemis consSidered-as a terrain 


factor because - like vegetation, water and snow - it forms a 
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layer on the ground surface between the permafrost and the 
avmosphereithat affects thedheat exchange between-thems+ It 

has been postulated by many workers that the bottom temperature 
beneath much of alcontinentalsice sheet is colder than 32°F. 
Inetvemperate glacier conditions; the. ice bottom. temperature 


is .at«the.pressure.melting 
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SLOLt =seBeneath wnui ce, sheet=3 .000 
feep thick ssieor-example, the: temperature of,the-water: fiim.at 
Bie “bopvemeot 'thesicet would, be-about Slvb5°o rs. «in; polar,glacier 
COndipovenecieapocehomees thesicei is) frozen tosthe-underiying 
ground and Che temperature at. the ice-ground interface is. coider 
Dpnanes 2oN. ebothe ofathesenelaciers condisions-probably-occur 
expensively tnroughoutr an icessheet.». Consequentiy, beneath 
Pleistocene continental ice sheets in the northern hemisphere, 
Dela tnoOse was pPeobabdyowicespread but. thin because of the 
DrocimMetymo. soOtLom Lemperatures to 32°R. Permafrost may have 
been somewhat thicker beneath the ice masses where the effect 
GCprcolcar er recemperavures could penetrate vo the underlying 
ground. 

After phe ice retreated, permarrost 2n areas 
eovered by postglacial inundations dissipated and did not re-form 
until these bodies of water receded several thousand years later. 
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temperatures were imposed by the periglacial climate. on ice-free 
ereas,, PLOdvcing thickersand colder,permafrost than that 


existing, beneath the. 1 ce. 
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Tuer, COntanment al olaci ation. hassundoubtediy 


Sxervedse hear tie lence om permearrost, conditions. from one, region 
Pome et ee eo oe Cha beoo “hoot s were: much. more 


extensive in the western hemispnere than the eastern hemisphere. 
ei-eOlLmcciiaaa, excluding the western Yukon Territory and possibly 
Pneenoruiweer pert of the Arctic Archipelago, was covered with 
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Moen ieee moe Che ravers locene. In contrast , 
Of centralmeand eastern Siberia.,.was, not. covered: and: here 
CONGINUOUS pPermalrost.now, extends more, than. 500 miles.south of 
boca ecu nem ondewcne, thickest permarros2) in, the northern 


Homiscwhere Hesabeen.recorded. 
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pooper ties such SewConducrivity) diffusivity, “and specific heat 
aurees the rave of permatrost accumulation and the thickness of 
Biecececrivoelever. The thermal conductivity Of silt. “for example, 
Ho anes Cre-nevr nat “of coerse=erained soils end several times 
Peeoevnan trav ot rock. "These factors assume their ’¢reatest 
piety UCan@e "lr Uile "COIL AnuOuUS ZONe where tne Climate is 

SUP Creniay COOPrCe produce permairost regardless’ of the’ type 


PSGErrain. 


Conclusion 


Miwcuweavlons: Nave occurred through time inethe extent, 
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e womices, so Oeeomperavure Of =the pernarrosy in response to changes 
Meecltinawe = ad terror: Since is <imatial formation, the 
Dermalrosy in any area may have dissipated and re-formed several 
Prine omOur feeb ertOus of Climasic warming and cooiing. Glacial 
Nestery Mas fad a marked effect. Changes in vegetation caused 

vy eowucm Magre Succession, encroachmeny in water basins, er 
Dvaeviemeermamroc. Luself aul have pronounced local effects. 

Mine regime of the fall andvaccumulation of snow “intluences the 


round thermal regime. The geothermal gradient also afiects 
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the ground thermal regime. Lt varies in different. types of so 


anemrock, With@chanees im geological structure and with time. 
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ave, Ue we eer Oonment An ~which.permafrost exists.jis a. complex 
dynamic syevem, the product of past and. present climate and 
Perret e Gay es, Which arevin. turn influenced by, the permafrost. 
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Pree tNeriewec cist inity Ol permarrost ts such that even smali 


ipGeraculows  O1 Dermarrost. and these factors in the North are 
Var veOnalemvery complex. « Even a Slignat change in one: factor 


produces a change in one or several other factors. 
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